Abstract-Grid-tied voltage source inverters using LCL filter have been widely adopted in distributed power generation systems (DPGSs). As high-order LCL filters contain multiple resonant frequencies, switching harmonics generated by the inverter and current harmonics generated by the active/passive loads would cause the system resonance, and thus the output current distortion and oscillation. Such phenomenon is particularly critical when the power grid is weak with the unknown grid impedance. In order to stabilize the operation of the DPGS and improve the waveform of the injected currents, many innovative damping methods have been proposed. A comprehensive overview on those contributions and their classification on the inverter-and grid-side damping measures are presented. Based on the concept of the impedance-based stability analysis, all damping methods can ensure the system stability by modifying the effective output impedance of the inverter or the effective grid impedance. Classical damping methods for industrial applications will be analyzed and compared. Finally, the future trends of the impedance-based stability analysis, as well as some promising damping methods, will be discussed.
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Digital Object Identifier 10.1109/TIE.2017.2714143 running out. The environmental problems caused by the fossil fuel consumption are making the society pay more attention to shifting to using renewable energy resources, such as sun and wind. Distributed power generation systems (DPGS) are developing quickly worldwide. Grid-tied inverters are key components in connecting renewable energy sources with the existing power grids [1] - [4] . In order to attenuate the switching frequency harmonics caused by a grid-tied inverter and meet statutory requirements [5] , [6] , a passive power filter should be adopted. Compared with the classical L filter, the LCL filter has received more and more attention due to its small size as well as reduced costs [7] - [10] . Fig. 1 shows a DPGS with different sources and loads. Gridtied inverters inject power generated by the renewable energy resources into power grid. Both linear and nonlinear loads are connected to the point of common coupling (PCC). In such an architecture, a grid-tied inverter with LCL filter will face the following challenges.
1) The resonance caused by LCL filter may destabilize the inverter system [7] , [8] .
2) The nonlinear loads in DPGS will cause low-frequency harmonics and distort the PCC voltage, which inevitably disturbs the operation of the grid-tied inverter [2] , [11] . 3) In practice, the equivalent grid impedance for the local grid-tied inverter may vary widely [2] , [12] . When the grid impedance increases, the control bandwidth of the local grid-tied power inverter may become narrower, worsening the dynamic performance, or even resulting in system instability [2] .
4) The interaction among grid-tied inverters may destabilize the entire DPGS [3] , [13] . In order to achieve a stable DPGS, the controller design for grid-tied inverters should be fully addressed. There are two basic control modes for grid-tied inverters. They include currentand voltage-control modes. Although research on the grid-tied inverter with voltage control has been recently emphasized [14] - [17] , this paper will focus on current-controlled inverters.
In order to successfully integrate current-controlled grid-tied inverters into DPGS, an inverter designer or an integrator has to pay special attention to the following issues.
1) In DPGS, interactions among paralleled inverters are induced through the coupled grid impedance [3] . Thus, the power grid is expected to be stiff enough to ensure a very small grid impedance. 2) If the power grid is weak, the variation of the equivalent grid impedance should be fully addressed in the controller design for grid-tied inverters [18] .
3) The impedance-based stability analysis and the generalized Nyquist stability criterion, which originate from the assessment of dc system [19] , [20] , are still a useful tool to assess the stability of ac DPGS. Generally, different damping techniques need to be adopted to suppress possible resonances and avoid system instability in designing the controller.
In this paper, methodologies are first introduced to assess the stability of ac DPGS in Section II. Then, based on the concept of impedance-based stability analysis, this paper gives an overview on the damping methods to attenuate possible resonances. All those methods are classified into: inverter-and grid-side damping types, which are introduced in Sections III and IV, respectively. Furthermore, Section V summarizes the key points in the parameter design of classical damping methods, evaluates the performance, and discusses the damping robustness. Finally, Section VI concludes this paper and points out the future research trends in this topic.
II. METHODOLOGIES TO ASSESS THE STABILITY OF AC DPGS
The stability of ac DPGS is receiving more and more attention. Different methods have been proposed to analyze the system stability.
A. Eigenvalue-Based Analysis
In the ac power system, the eigenvalue-based analysis is widely adopted to assess the small-signal stability of the systems [21] , [22] . The eigenvalue-based stability analysis is usually based on studying the eigenvalues of system state space model matrix, which needs all information of elements in the system, including the physical characteristics and the control parameters [23] . However, the control parameters of grid-tied inverters are generally unavailable, especially when analyzing the stability of a large-scale power-converters-based ac DPGS. 
B. Impedance-Based Stability Analysis
In order to handle the stability of the AC DPGS, recently, the impedance-based stability analysis, which originated from the generalized Nyquist stability criterion proposed by R. D. Middlebrook to access the stability of the dc system [19] , has widely been investigated [23] - [33] .
Sun [24] gave a more detailed description on the impedancebased stability method for the grid-tied current-controlled inverters, which are widely used in DPGSs. As shown in Fig. 2 , a current-controlled inverter is modeled by a current source I C in parallel with the output admittance Z o under the condition of zero grid impedance, and the grid is represented by a voltage source V g in series with the equivalent grid impedance Z g . The grid impedance mainly consists of the line impedance and the transformer output impedance, but the equivalent grid impedance for a local current-controlled inverter still depends much on the number of grid-tied inverters connected to the PCC [12] .
Based on the Thevenin's and Norton's equivalent circuits, if the grid voltage can be assumed to be stable without the inverter and the inverter can be assumed to be stable when the grid impedance is zero, then the injected-current of the grid-tied inverter can be described as follows:
If the minor-loop-gain of Z g (s)/Z o (s) can meet the generalized Nyquist stability criterion [19] , then the current-controlled grid-tied inverter system can keep stable.
C. Application Issue Related to the Impedance-Based Stability Analysis
The principle of impedance-based stability analysis has been widely accepted by the academia and industrial community. However, views still vary on how to apply the impedance-based stability analysis to guide the design of grid-tied power converters in the ac DPGS.
Since the impedance-based stability analysis is a kind of the small-signal analysis method and the ac DPGS has no time-invariant operating point, some researchers carried out the impedance-based stability analysis in the rotating (dq) reference frame [25] - [32] . Due to the dq transformation, the minor-loopgain matrix has four items. How to deal with the minor-loop-gain matrix induced different stability criteria [25] - [32] , where the more convictive mathematical analysis and derivation on these stability criteria need to be further explored. In addition, for a three-phase unbalanced ac DPGS, till now, no effective stability criterion in the dq frame has been deeply investigated [33] .
In the dq frame, the impedance-based stability analysis is also studied in the stationary frame [24] , [33] . Based on the engineering experience, as long as the switching frequency of the inverters is much higher than the line frequency of 50/60 Hz, the small-signal analysis can be simplified. This concept has been widely accepted in the controller design of the inverters [33] - [36] .
In fact, in the linear-control-based grid-tied inverter, the system stability assessment effect of the impedance-based stability analysis is almost equal to that of the Bode diagram analysis. The impedance-based stability analysis focuses on the interaction between the grid equivalent impedance and the output impedance of the local grid-tied inverter, while the Bode diagram analysis emphasizes on the stability of whole system with the equivalent grid impedance included [18] . Compared with the Bode diagram analysis, the merit of the impedance-based stability analysis is that the impedance of grid can be tested or estimated online. However, till now, the impedance-based stability analysis has not defined the universal quantitative stability indexes for the ac system, for instance, such as the phase margin and the gain margin of the Bode diagram analysis.
In theory, the impedance-based stability analysis should sample the information of grid impedance online. However, the measured grid impedance may not be reliable, due to possible harmonics voltages at the PCC. Currently, it is difficult to apply the impedance-based stability for deriving the design guidelines for designing the controller of the converters in a quantitative way. Nevertheless, it is still a useful tool to qualitatively analyze how to enhance the stability of ac DPGS. For example, as shown in Fig. 2 , Z o , Z g or both Z o and Z g can be reshaped to ensure the stability of the local LCL-filter-based current-control grid-tied inverter, and thereby to enhance the stability of the ac DPGS.
III. INVERTER-SIDE DAMPING MEASURES
The inverter-side damping measures can reshape the output impedance Z o to ensure the stability of grid-tied inverters, which mainly include the online grid impedance estimation methods, the inherent-damping methods, the passive damping (PD) methods, the active damping (AD) methods, and the hybrid damping (HD) methods.
A. Online Grid Impedance Estimation
In theory, as long as the grid impedance Z g can be estimated accurately and timely, the control parameters can be adjusted online to modify Z o , and thereby to keep system stable under any grid condition [2] , [18] . In order to estimate the variation of grid parameters, a large number of online estimation methods have been proposed [37] - [50] . According to the realization mode, these methods can be classified into three groups. They are active, passive, and quasi-passive approaches.
The active estimation methods deliberately disturb the grid and extract the feedback information to estimate the grid impedance, including the noncharacteristic harmonic injection [37] , the broadband signal injection [38] , the LCL-resonance excitation [39] , and the reactive power variation method [40] , [41] .
The passive estimation methods [42] - [50] are based on the direct measurement and evaluation of the grid information. The least-square estimation algorithm [42] , the successive approximation estimation [43] , the inherent switching feature application [44] , and the plant time constant identification algorithm [45] are often adopted.
The quasi-passive estimation methods [51] , [52] are also proposed, being combined with the nonintrusive advantage of the passive estimation method and the accuracy of the active estimation method. In this method, the passive estimation is first selected to estimate the grid impedance. When a selected evaluation index is exceeded, it will turn to the active estimation online.
Note that the accuracy of the grid impedance estimation method is still inevitably influenced by the harmonics generated by other grid-tied inverters at the same PCC. The online grid impedance estimation needs to be further improved on the accuracy, the detection speed, and also the anti-interference ability. Currently, the grid impedance estimation method cannot be independently applied to grid-tied inverters, but it can be adopted as an additional method to enhance the stability of the grid-tied inverter [53] , [54] .
B. Inherent Damping (ID)
The digital time delay induces the inherent-damping effect into the current control loop [55] - [60] , while the damping effect depends on where the current is sensed and what the delay time is set as. Yin et al. [56] studied the damping characteristic of time delay in a grid-current-feedback-based single-loop control system. Parker et al. [57] - [59] discussed the inherent-damping region of the grid-tied inverter. Wang et al. [60] summarized the previous research and derived the time delay region which can stabilize the single-loop control system using different current feedback methods. As introduced in [60] , when inverter-sideinductor current feedback is adopted, the related time delay should satisfy
where T d is the total time delay and ω res = 2 (
)C is the filter resonance frequency in rad per second, L 1 is the inverter-side inductor, L 2 is the grid-side inductor, L g is the grid inductor, and C is the filter capacitor.
When the grid-side-inductor current feedback is used, the related time delay should satisfy Based on the forgoing research, two key points on adopting the inherent-damping technique should be pointed out as follows.
1) When the equivalent grid impedance changes, the filter resonance frequency cannot shift across the critical frequency, which is defined as
where τ T s is the total delay, including the computational delay and the pulse width modulation (PWM) delay.
2) If the cable is long enough, the system may have multiresonance peaks, where gains are over 0 dB due to the distributed capacitances [61] , [62] . In this scenario, (2) or (3) should be satisfied at every resonant frequency. It is also difficult to independently apply the inherentdamping technique in a current-controlled inverter, when the equivalent grid impedance varies and the multiresonance peaks appear.
C. Passive Damping (PD)
A PD is easy to be implemented and it has been widely used in industrial applications [63] - [67] . The parameter design of the PD is based on the physical characteristics of system, such as the resistive region [65] and the Q-factor [66] . Main kinds of PDs have been illustrated in Fig. 3 , where L f is the trap inductor for LLCL filter. As shown in Fig. 3 , a resistor or resistors are necessarily inserted to damp the possible resonance, therefore, resulting in extra power losses. [65] , [18] . Based on Fig. 4 , it can be deduced that a single PD-based system cannot achieve a high bandwidth in weak grid. A composite PD method can deal well with the difficulty caused by variable equivalent grid impedance, but at the cost of more materials, as well as more damping power losses [66] .
D. Active Damping (AD)
Comparing with the PDs, the ADs [57] , [68] - [86] are receiving more and more attention due to flexibility and no extra damping power losses, although they will increase the control complexity and costs of the sensors [69] . There are two main types of ADs, including the single-loop ADs and the multiloop ADs. The ADs can be seen as special cases of the state-feedback-based control. Fig. 5 shows the control block of the LCL-filter-based grid-tied inverter using the digital filter and the AD with capacitor-current-feedback, where G h (s) is the zero-order-hold delay and G d (s) is the computational delay, 1/T s represents the sampler and T s is the sampling period, G inv is the inverter gain, K ic and K ig are the feedback constants of the capacitor current and the grid current, respectively, G c (s) is the proportional controller, and H dig (s) is the digital filter.
As shown in Fig. 5 , when K ic = 0, the single-loop control AD is obtained. The digital filter H dig (s) used in single-loop control mainly consists of the notch filter, the lead-lag network, and the biquad filter [70] . Alzola et al. [71] proposed a selfcommissioning notch filter to deal with the variation of the equivalent grid impedance. However, this method still relies on the accuracy of the real-time resonance frequency estimation, which is also inevitably disturbed by harmonics at the PCC. Yao et al. [72] suggested a kind of digital notch filter-based AD technique, where the notch frequency is placed on the purpose away from the nominal resonant frequency of the LCL filter. Nevertheless, if the multiresonance peaks appear, this damping method may cease to be in effect.
The multiloop ADs include the virtual resistor [73] - [75] , the capacitor current feedback [76] - [81] , the capacitor voltage feedback [82] - [85] , and the LC-trap voltage feedback [86] . Fig. 6 depicts the open loop gain i g (s)/i g ref (s) of the currentcontrolled inverters with only the capacitor current feedback damping method. It can be seen that when the characteristic frequency of system is higher than the critical frequency, the nonminimum-phase response of system emerges due to the appearance of right half plane poles, which inevitably complicates the controller design.
Many papers have proposed different kinds of methods to modify the capacitor current feedback AD. Yang et al. [78] proposed a real-time computational method to reduce the computational delay, which can simplify the closed loop design and improve the system performance effectively. But when the grid voltage has much harmonics or other reasons to make the dutycycle of the grid-tied inverter vary sharply, this method cannot work well. Wang et al. [73] and Li et al. [80] aimed to increase the critical frequency from 1/(6T s ) to 1/(4T s ) or 1/(3T s ) by modifying the feedback loop, where the damping region can be widened. However, the high-pass filter inserted in the capacitor current feedback inner loop [73] will easily enlarge the highfrequency noise interference and the proposed optimal damping coefficient in [80] cannot be derived precisely.
In order to ensure the stability of system when the filter resonance frequency changes across the critical frequency of f crit , Pan et al. [76] modified the capacitor current feedback AD by inserting a phase-lag component in the control loop. With a 0.75 switching frequency digital delay, this method can keep the system stable, when the equivalent grid impedance varies widely. However, the phase margin of system is not big enough when the characteristic frequency appears around the critical frequency. Bao et al. [79] proposed the forbidden frequency region of ((1 − ξ) f cri , (1 + ξ)f crit ) to ensure enough phase margin, where ξ is the coefficient of forbidden region. Nevertheless, when the filter resonance frequency is rigidly less than (1 − ξ) f crit , the bandwidth of system can hardly keep high in weak grid. When the filter resonance frequency is rigidly limited in the range of (1 + ξ)f crit , 1/(2T s ), the parameter design of LCL filter is difficult to ensure enough phase margin when the equivalent grid impedance varies widely.
Similar to the capacitor-current-feedback AD method, the derivative feedback of the capacitor voltage can also induce an effective AD [82] - [84] . Based on using an LLCL filter, Huang et al. [86] compared the capacitor current feedback AD with the LC-trap voltage AD, and found that the LC-trap voltage feedback AD has a wider damping region. However, since the grid voltage may change suddenly and widely, it is difficult to choose a suitable feedback coefficient to ensure a satisfactory damping effect under the different conditions of grid voltage.
Furthermore, similar to the inherent damping method, if the multiresonance peaks appear due to the distributed capacitance of cable, a single AD (whether for a single-loop AD or a multiloop AD) may lose effectiveness, especially when the equivalent grid impedance varies in a wide range and the grid background harmonics are abundant.
E. Hybrid Damping (HD)
The HD techniques were discussed in [18] , [87] , and [88] . They make a trade-off between the power losses and the damping robustness of system. Lei et al. [87] proposed a hybrid damper using a resistor in series with the filter capacitor together with the capacitor current feedback control, where the extra damping losses may be high. The RC damper is preferred to be implemented in the HD, owing to the small extra power losses [18] , [67] , [88] .
Liu et al. [18] combined the RC damper with the digital notch filter to damp the resonance caused by the LLCL filter and the control diagram is redrawn in Fig. 7 , where
and R d and C d are the paralleled PD resistor and capacitor, respectively. A high control bandwidth can be achieved, when the equivalent grid impedance varies widely. Therefore, a proportion plus resonant regulator can easily be adopted to attenuate the low-frequency grid background harmonics.
IV. GRID-SIDE DAMPING MEASURES
Based on the impedance-based stability analysis, it can be seen that the local grid-tied inverter can keep stable through reshaping the equivalent grid impedance Z g , which can be regulated by using the centralized damping approaches as shown in Fig. 8 .
The grid-side damping measures can be realized by adopting the resistive active power filter(R-APF), the solid-state transformer (SST), the series active filter, the dynamic voltage restorer, and so on.
A. Resistive Active Power Filter
The R-APF method was proposed to attenuate the harmonic propagation [93] - [95] . Research works on the control or the installation site of the R-APF were carried out in the past few years. Lee et al. [96] developed a discrete tuning method to adjust the equivalent resistor, corresponding to voltage distortion. According to [93] , the R-APF is preferred to be installed at the end bus of the distribution line, acting as a resistor to mitigate harmonics. For a long distance power distribution feeder, the voltage harmonics are mitigated at the point of installation of the active power filter, whereas harmonics may be magnified in other buses, where no filter is connected [96] , [97] . Generally, the R-APF cannot provide direct voltage support during microgrid islanded mode, so He et al. [98] proposed a virtual impedance method to mitigation the resonance propagation in both grid-tied and islanded modes, by using a microgrid resonance propagation model.
The resonance propagation through the transmission line will also lead to the instability. Based on the harmonic propagation concept, if the resonance frequency is outside of the control bandwidth of the local power inverter, the resonance propagation attenuation can also be realized by using the R-APF or the active damper [99] . The active damper generally operates at high frequency. Therefore, a high control bandwidth can be obtained to suppress the middle-or the high-frequency resonance. In order to reduce the blocked voltage of the devices, Wang et al. [100] adopted a serial LC-based structure, but at the cost of more passive components. Furthermore, due to the limitation of the power rating and the serial LC filter, this method can only regulate the characteristic of Z g in a special frequency range. The function of the active damper can also be realized by the local inverter [92] .
B. Solid-State Transformer
Besides the R-APF or the active damper, the SST is becoming attractive in stabilizing the power system and improving the grid power quality [101] - [107] . Compared with the traditional line power transformer, the SST was proposed to achieve the voltage transformation with the medium-or the high-frequency isolation, which potentially can reduce the volume and the weight. The SST can possess the active harmonic filtering function [103] as seen in Fig. 9 , where i s is the grid-injected current, i L is the load current, i l is the load fundamental current, i h is the harmonic component, and i c is the compensating current. When i c = −i h , the harmonic can be totally absorbed. However, the switching frequency of SST limits the control bandwidth.
In addition, compared with the traditional transformer, a proper designed SST can improve the stability of subsystem, since it can decrease its absolute output impedance in the branch as shown in Fig. 9 .
C. Other Possible Methods
A series active power filter can be connected at the PCC to damp the resonance effectively [108] . Note that, due to the installation limitation and the economy reason, the popularity of series active power filter is not so high, where it may be replaced with SST someday.
When many constant power loads, such as the active rectifier loads with the high control bandwidth, are connected at the PCC, the stability of DPGS will be challenged due to the negative incremental resistor of constant power load [23] . A dynamic voltage restorer can compensate the dynamic voltage changing [109] , [110] ; therefore, it can enhance the stability of DPGS. However, similar to the series active power filter, the series structure is not so popular and it can also be replaced with the SST in future.
As previously mentioned, the regulation of Z g is also an effective and attractive method to stabilize the system. Nevertheless, the economic performance of difference method should be fully evaluated. In present, due to the economic consideration, seldom grid-side damping methods have been widely applied in industrial applications. When the filter resonance frequency f r satisfies f r < f c r it , the inverter side current feedback can stabilize the system with the inherent damping method.
Suitable for the single-phase low power system. The more the power losses, the better the damping effect. The RC damper is preferred, where the damping capacitance of C d should better be equal to the filter capacitance of C f .
During application, this method is not very reliable if it is not combined with other methods.
Capacitor current feedback AD is preferred for a three-phase high-power system.
Compared with the PD method, the damping robustness with respect to the wide variation in Z g is improved with HD.
When f c r it < f r < 0.5f s , the grid-side current feedback can stabilize the system with the ID method.
Capacitor voltage feedback AD must deal with the challenge of grid voltage variation.
Concern of Application
Check whether f r changes across f c r it when Z g varies.
Parameters of the RC damper can be defined as follows:
Reduced delay can help the damping design, while the EMI noise needs to be especially addressed. Check whether f r changes across f c r it .
If the grid impedance Z g varies widely, the HD method should be the first choice, especially for a single-phase system.
Additional Description
When f r is close to f c r it , system performance may not be satisfactory. 
V. KEY DESIGN POINTS, PERFORMANCE EVALUATION, AND DAMPING ROBUSTNESS

A. Design Key Pinots and Performance Evaluation
According to the impedance-based stability analysis, the output impedance of the current-controlled grid-tied inverter is expected to be bigger enough. Within the control bandwidth, the output impedance of the grid-tied inverter depends on both the filter parameters and the loop gain [23] . A higher control bandwidth will help to enlarge the output impedance Z o .
The delay reduction technique is a great method to improve the control bandwidth of the current-controlled grid-tied inverter [18] . This can be realized by using the multisample techniques [111] - [113] or the other optimization methods [58] , [75] , [78] .
Besides the delay reduction, there are also some other key points in the parameter design of different inverter-side damping methods, which are summarized in Table I . In order to help researchers and engineers to know about these different damping techniques in detail, the performance analysis on classical damping methods is carried out, while several indexes and comparative results are listed in Table II .
B. Discussion on Damping Robustness of Classic Methods in Industrial Applications
Generally, in an ac DPGS, the damping robustness of classic damping methods can be ensured, if the distributed capacitance of cable can be ignored.
Note that in industrial applications, the impedance characteristic of a local grid-tied inverter is still influenced by the distributed impedance of the cable [61] , [62] , especially when the cable is long enough. In this scenario, due to the complicated characteristic of filter, the inherent damping method may be not so reliable. Similarly, for the capacitor current feedback AD, if the cable is long enough, multiresonance peaks may appear and the stability of system will be challenged. However, for the PD or PD-based HD method, if the resonance at the domain characteristic frequency of system is suppressed enough, the higher frequency resonance is spontaneously attenuated, and thus the stability of the local grid-tied inverter can also be ensured.
Based on the analysis mentioned above, it can be judged that compared with other damping methods, the robustness of the PD or PD-based HD is higher, certainly at cost of more power losses.
VI. CONCLUSION
LCL-filter-based current-controlled grid-tied inverters are widely used in DPGSs. These inverters may excite resonances, particularly when the equivalent grid impedance varies in a wide range. The impedance-based stability analysis method for qualitatively analyzing and assessing the stability of ac DPGSs is widely accepted. However, how to use this method to guide the design of the grid-tied inverter in a quantitative manner needs to be explored further, particularly in an unbalanced three-phase system. Most published damping methods were comprehensively reviewed based on the concept of impedance-based stability and classified into two main categories: inverter-side and grid-side measures.
The inverter-side damping measures can be seen to ensure the stability of system by reshaping the output impedance of the local grid-tied power inverter itself. The grid-side damping measures try to reshape the equivalent grid impedance to stabilize the whole system. Certainly, two kinds of impedance reshaping methods can be adopted at the same time, to make ac DPGS more stable.
All the grid-side damping measures belong to the centralized damping method, where the extra equipment should be adopted. Therefore, currently they are not so popular to customers.
The key points in the parameter design of classic inverter-side damping methods are summarized in Table I . The performance evaluation results are presented in Table II . And the damping robustness analysis and discussion were performed. Based on these, two application suggestions on inverter-side damping methods can be obtained as follows.
1) In a single phase or a low power rating three-phase grid-tied inverter application, the RC-damper-based single-loop HD method is first suggested to be adopted. 2) For the high power rating three-phase system application, the capacitor current feedback AD is preferred. Furthermore, if the connected cable is long enough (for example, longer than 500 m), an additional RC damper should better be inserted to dampen possible high-frequency resonances caused by the cable or capacitive loads at the PCC. Some of future trends in this topic are 1) Research works on the impedance-based stability analysis and the stability criterion should be further strengthened. For example, the convictive mathematical analysis on the conservatism of criteria, the effect caused by the coupling impedance in an unbalance system, the relationship of tested impedances in different kinds of reference frame, and even the universal quantitative stability indexes should be further explored. 2) The online parameter estimation has not yet been successfully adopted for the resonance attenuation independently. It has high potentiality for future applications, since the computing capacity of controller processor is becoming more and more powerful and thereby smart complicated algorithms can be realized together with an acceptable cost. Moreover, the explored estimation method can also be used as an additional measure in the control design of the grid-tied inverter.
3) The inverter-side damping measures introduced in this paper are mainly based on the linear control strategy. In fact, many nonlinear controls have also been applied in the grid-tied inverters. In these cases, the output impedance Z o will have a dynamic and changeable value. Due to the length of this paper, the nonlinear control strategy has not been introduced here. However, nonlinear control methods should inevitably earn more concerns, due to more and more powerful controller processors; therefore, many nonlinear algorithms can be realized at acceptable costs in some day. 4) More attention should be paid to the damping technique of the multifunction-based SST, since it can integrate functions of the dynamic voltage regulation, the active filtering, the energy storage conversion, the power density enhancement, and the power flow regulation. In the future, the SST will be applied in the ac DPGS.
